Streptococcus pneumoniae remains a major cause of community-acquired infections worldwide. The burden of pneumococcal diseases ranges from mild respiratory tract infections to severe invasive diseases, whose associated mortality has not changed much over the last 50 years (24) .
Although pneumococci can be classified into at least 90 different serotypes based on the immunochemistry of their polysaccharide capsules (17) , only a limited number of serotypes are found to commonly colonize the human nasopharynx and cause disease, with major differences associated with the age of the subjects, the geographical area, and the time period under observation (16, 18, 30) .
In the past decade, the emergence of pneumococcal strains resistant to antimicrobial agents has represented a major cause of concern. The appearance of penicillin-resistant pneumococci has led to the use of alternative antimicrobials for the therapy of respiratory tract infections, especially long-acting macrolides, with the result that the prevalence of both penicillin-and macrolide-resistant strains has rapidly increased worldwide (1) . Surveillance of the prevalence of antibiotic-resistant pneumococcal strains over time within specific geographic areas and their genetic characterization is essential to determine the relative importance of established clones and of newly emerging ones and the impact of capsular switching. The dynamic of pneumococcal clones and serotypes is particularly important today, since the 7-valent pneumococcal conjugate vaccine (PCV7) for children has dramatically affected the epidemiology of pneumococcal diseases in the United States, where it is extensively used. The incidence of pneumococcal invasive diseases due to vaccine serotypes has decreased not only in the target pediatric population but also in the population at large (31) . In parallel, however, replacement of vaccine serotypes by nonvaccine serotypes as colonizers of the nasopharynx, as well as agents of invasive disease, has been observed (19, 20) . The theoretical efficacy of PCV7 in reducing the burden of invasive disease in children is lower in Europe than in North America due to a higher frequency of pediatric infections caused by the nonvaccine serotypes 1, 3, and 7F (16) . In Italy, ca. 75% of invasive pneumococcal infections are estimated to be vaccine preventable in children Ͻ5 years of age (26) . Although PVC7 has been available in Italy since 2001, according to a nationwide survey, in 2003 only 2.7% of children from 12 to 24 months of age had received one or more doses of the vaccine, and only 0.5% of children had completed the vaccination schedule (15) .
The epidemiology of pneumococcal disease is interesting also considering the antibiotic resistance problem. In Italy, there is a discrepancy between the rate of penicillin resistance, which is moderate (ca. 10 to 12%), compared to the neighboring South European countries, and the rate of macrolide re-sistance (30 to 40%), which is one of the highest in the area (21, 23) .
In a previous study, we described the presence of new clones of penicillin-nonsusceptible S. pneumoniae (PNSSP) in Italy and found evidence of capsular switching resulting in an unusual serotype-clone association (7) .
In the present study, 105 invasive drug-resistant pneumococcus strains recovered in Italy during the period from 2001 to 2003, including 40 PNSSP and 65 penicillin-susceptible S. pneumoniae (PSSP) isolates, were characterized for their antimicrobial susceptibility patterns, restriction profiles of the penicillin-binding protein (PBP) genes, and pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing (MLST) profiles in order to relate them with internationally spread clones and with clones already identified in the country.
MATERIALS AND METHODS
Pneumococcal isolates. A total of 105 invasive pneumococcal isolates were studied. These represented all of the available (ca. 75% of the reported) multiple-drug-resistant PNSSP and PSSP strains obtained in Italy during the years from 2001 to 2003 from the nationwide surveillance of antibiotic-resistance AR-ISS (http://www.simi.iss.it/antibiotico_resistenza.htm) and the Surveillance of Bacterial Meningitis (http://www.simi.iss.it/meningite_batterica.htm).
Antibiotic susceptibility and serotyping. Susceptibility to penicillin, ceftriaxone, erythromycin, clindamycin, tetracycline, and chloramphenicol was assayed by Etest and interpreted using the breakpoints suggested by the Clinical Laboratory Standard Institute (5). Erythromycin resistance genes were detected as previously described (23) . The isolates were serotyped using the antisera produced by the Statens Serum Institute of Copenhagen, Denmark. Duplicate isolates from the same patients were excluded.
pbp2b and pbp2x gene restriction profiling and sequencing. Restriction fragment length polymorphism of PBP genes pbp2b and pbp2x was performed as previously described (12) in all PNSSP and selected PSSP isolates. The profile designation followed that already used in past studies (7, 13) . The nucleotide sequence of the transpeptidase domain of PBP2B (9) was obtained for four isolates.
PFGE and MLST. PFGE of SmaI-restricted chromosomal DNA of S. pneumoniae isolates was performed as previously described (7) . PFGE patterns were assigned designations following the type/subtype definition (13): isolates with identical profiles were assigned to the same PFGE type and subtype; isolates with similar profiles (differing by one to six bands) were assigned to different subtypes within the same PFGE type. PFGE patterns identical or similar to those found in previous studies were identified with the PFGE type and subtype designation previously used. PFGE types were analyzed with Bionumerics software for Windows (version 2.5; Applied Maths, Ghent, Belgium). Comparison was performed using the unweighted pair group method with arithmetic averages and with the Dice similarity coefficient, applying a 1.5% tolerance in band position.
MLST was performed according to the recommended method (10) . At least one isolate within each PFGE type was chosen for MLST. If different serotypes were included in a PFGE type, one isolate of each serotype was subjected to MLST. The sequence types (STs) obtained were compared to those available at the MLST database (http://www.mlst.net), with particular reference to clones recognized by the Pneumococcal Molecular Epidemiology Network (22, 28) .
Nucleotide sequence accession number. The sequence of the deleted xpt locus of strain AP033 has been assigned GenBank accession no. EF012770.
RESULTS
All of the isolates studied were obtained from sterile sites Forty isolates were PNSSP, and sixty-five were PSSP. Of the 40 PNSSP isolates, 18 showed a penicillin MIC in the intermediate range (0.12 to 1 g/ml) and 22 showed a penicillin MIC in the resistant range (2 to 4 g/ml). Twenty-four PNSSP isolates were intermediate and one was resistant to ceftriaxone according to the breakpoints suggested for meningeal infections (5) . A total of 92 isolates were resistant to erythromycin, 91 were resistant to clindamycin, 82 were resistant and 5 were intermediate to tetracycline, and 23 were resistant to chloramphenicol. All of the erythromycin-resistant isolates but one carried the erm(B) gene, conferring the MLS B phenotype. Three isolates also carried mef(E). One isolate carried mef(E) only.
pbp2b and pbp2x restriction profile analysis was performed for all PNSSP isolates and for selected PSSP isolates only, since the latter group of isolates displays low PBP variability (7, 11, 13) . Two of the isolates examined did not yield any amplicon for pbp2b, whereas amplicons for pbp2x were obtained from all of the isolates. One and six new restriction profiles were obtained for pbp2b and pbp2x, respectively.
All of the isolates were genotyped by PFGE, and the dendrogram in the Fig. 1 summarizes the results. PFGE types 1 to 32 had already been described among isolates obtained in Italy in the years from 1998 to 2000 (7), although not all PFGE types previously identified were found in the present study. PFGE type 35 was designated PFGE type 1 in a study conducted on serotype 6B isolates (11) . The other PFGE types were described for the first time in Italian isolates. Thirty-eight selected isolates were subjected to MLST. Clonal groups were established on the basis of analysis of both PFGE types and MLST (Table 1) . Overall, there was a good correspondence between PFGE types and MLST profiles, since isolates comprised in the same PFGE type were found to share five or more identical alleles by MLST. The only exception was represented by PFGE type 35, which comprised isolates differing by three of seven alleles.
In a few instances, isolates showing unrelated PFGE types, differing by Ͼ6 bands, were found to share identical MLST allelic profiles. This was seen with isolates of serotypes 19A and 19F.
Clonal groups comprising both PNSSP and PSSP strains. Three clonal groups were shared between PNSSP and PSSP, precisely those related to the Spain 9V -3, Sweden 15A -25, and Spain 6B -2/Greece 6B -22 clones. The largest cluster among the isolates studied was represented by the clonal group related to Spain 9V -3/ST156, comprising 16 PNSSP and 1 PSSP, identified by PFGE type 1 and distributed into 11 subtypes and two serotypes, 9V and 14. Although the PNSSP isolates of both serotypes belonged to ST156, the PSSP strain belonged to ST664, a double-locus variant (DLV) of ST156. All PNSSP shared the same PBP profiles 2b-6 and 2x-2, which were previously found in isolates belonging to the Spain 9V -3 clone. The PSSP isolate exhibited the wild-type profiles 2b-1 and 2x-1.
The clonal group related to Sweden 15A -25/ST63 clone comprised six isolates, four PNSSP and two PSSP, characterized by PFGE type 2 and belonging to four different serotypes (14, 19A, 19F , and 23F). The identical allelic profile ST63 was shared by three PNSSP strains and one PSSP strain. The serotype 14 PNSSP showed a novel allelic combination, singlelocus variant (SLV) of ST63, designed ST1830. The serotype 19A PSSP exhibited five of seven alleles that were identical to those of ST63. However, the ST of this strain could not be Interestingly, all of the isolates belonging to this clonal group shared pbp2b profile 2b-10, whether they were PNSSP (penicillin MIC ϭ 0.12 to 0.25 g/ml) or PSSP (penicillin MIC ϭ 0.03 to 0.06 g/ml). To clarify this apparent discrepancy, the nucleotide sequence of the PBP2B transpeptidase domain (nt 1038 to 2264 according to Dowson et al. [GenBank accession no. X16022]) was obtained for two PNSSP and two PSSP isolates. The sequences of the four isolates were identical and corresponded to the PBP2B transpeptidase domain sequence of isolates with intermediate penicillin susceptibility (14, 19) . Analysis of the corresponding amino acid sequence (amino acids 270 to 677) revealed 15 substitutions with respect to the sequence of R6, including the T445A mutation, considered a determinant of penicillin resistance (19) . As for the pbp2x gene, two PNSSP strains shared the restriction profile 2x-27, whereas each of the other isolates showed a novel distinct profile.
A third large clonal group, comprising only serotype 6B isolates, was related to both the Spain 6B -2/ST90 and the Greece 6B -22/ST273 clones. In fact, these two PMEN clones differ by two alleles only by MLST and can be considered part of the same clonal complex (11) . This group comprised four PNSSP and seven PSSP isolates, all characterized by PFGE type 35. The PNSSP isolates showed either an ST (ST90) identical to that of Spain 6B -2 or an SLV (ST94). The PSSP showed allelic profiles (ST385 and ST1831) with three of seven alleles divergent from those of Spain 6B -2, although both profiles were SLV of ST273, the allelic profile of Greece 6B -22. The four PNSSP showed PBP restriction profiles typical of resistant strains, in particular the profiles 2b-22 and 2x-12, shared by two isolates, are characteristic of the clone Spain 6B -2 (11). Clonal groups comprising PNSSP only. The most abundant clonal group comprising PNSSP only was that related to Spain 23F -1/ST81. This clonal group comprised eight isolates belonging to serotypes 19F and 23F, characterized by PFGE type 34, with ST81 and PBP gene restriction profiles 2b-6 and 2x-2, which are typical of Spain 23F -1. This clone, which was not found previously among Italian invasive isolates, was the only one comprising all isolates with full penicillin resistance (penicillin MIC ϭ 2 to 4 g/ml) (7).
Two small clonal groups were also identified. One was related to Poland 6B -20/ST315 and comprised three serotype 6B isolates, characterized by PFGE type 4, PBP restriction profiles 2b-12 and 2x-22 (11) , and ST386, a DLV of ST315.
The other clonal group comprised two serotype 19F isolates and was characterized by PFGE type 9 and ST88, which in the MLST database correspond to the "minor Spanish multiresistant serotype 19F clone." These two isolates did not yield any PCR amplicon for pbp2b, a characteristic already observed in this clonal group (7).
The remaining three PNSSP isolates showed distinct PFGE types and MLST profiles that had been already identified in previous studies, suggesting that they represent minor PNSSP clones that are established in Italy. A serotype 14 isolate, PFGE type 3, ST230, belongs to the recently described Denmark 14 -32 clone, which was previously found in serotype 24 PNSSP isolates from Naples (27) . A serotype 35F isolate shared PFGE type 5 and ST676 with serotype 35F PNSSP isolates previously described. Similarly, a serotype 6A isolate, shared PFGE type 6 and ST675 with a previously characterized serotype 6A PNSSP (7) .
Clonal groups comprising PSSP only. Two large clonal groups had been already described among Italian PSSP isolates. One, related to England 14 -9/ST9, comprised 10 serotype 14 isolates showing the allelic profile ST15, an SLV of ST9. This was the only clonal group that comprised a consistent number of isolates (5 of 10) obtained from children Ͻ5 years of age (data not shown). The other clonal group corresponded to Netherlands 3 -31/ST180 and comprised six serotype 3 isolates (7) .
Single isolates belonged to clonal groups already encountered in previous studies: a serotype 7F isolate, PFGE type 16, was related to The Netherlands 7F -39/ST191 clone, and a serotype 1 isolate, PFGE type 30, was related to the clone Sweden 1 -40/ST304. Two new clusters comprising multiple isolates were identified. One cluster was related to Portugal 19F -21/ST177 and comprised 10 serotype 19F isolates characterized by PFGE type 39 and ST179, an SLV of ST177. The other cluster included eight serotype 15B/C isolates, PFGE type 45, and ST1577. In the MLST database, ST1577 is only associated with a single serotype 15A isolate, and there are only two other strains that are DLVs of ST1577.
Two serotype 6A isolates, PFGE type 50, belonged to the novel allelic profile ST1833. In the MLST database, several serogroup 6 isolates are reported that are SLV or DLVs of ST1833.
A 
DISCUSSION
In the past two decades, increased antibiotic use has been the most important selective force driving the appearance and circulation of new pneumococcal clones (1, 2) . Today, the epidemiology of S. pneumoniae disease is undergoing profound changes in the countries where PCV7 has been amply introduced, both in the target pediatric population and in older individuals (31) .
Due to the limited use of PCV7 in Italy in the years from 2001 to 2003, the pneumococcal epidemiology described here can be considered to reflect a prevaccine situation.
Until recently, most genotyping studies were circumscribed to PNSSP, conveying the false impression that clonality was associated with penicillin resistance. In fact, studies directed at the pneumococcal population in general have shown a dynamic based on the circulation of particular clones among PSSP as well (4, 11, 18) . The isolates examined in our study included not only PNSSP isolates but also PSSP isolates that were multidrug resistant. The majority of the isolates examined were resistant to erythromycin, clindamycin, and tetracycline. Resistance to chloramphenicol was limited to a few clones of both PNSSP isolates, such as Spain 23F -1, and PSSP isolates, such as Greece 6B -22, Netherlands 3 -31, and the minor Spanish multiresistant 19F clone.
We confirmed the presence of PNSSP clones already detected in Italy in past studies, such as the internationally spread PMEN clones Spain 23F -1/ST81, Spain 6B -2/ST90, Spain 9V -3/ ST156, and Sweden 15A -25/ST263. Clone Spain 23F -1 was not detected in our previous study of invasive isolates (7), although it had been described in Italian isolates from 1996 to 1997 (21) . This clone is the only one comprising isolates with penicillin MICs of Ն2 g/ml, and its expansion is likely the cause of an increase in the percentage of pneumococci with full penicillin resistance in Italy in the last years (data not shown). In addition, most isolates belonging to this clone are also not susceptible to ceftriaxone and chloramphenicol, indicating that this is the most drug-resistant pneumococcal clone circulating in Italy.
Among the PSSP clones, other than the already described clones related to England 14 -9/ST9 and Greece 6B -22/ST273 (6, 11, 23), we found a serotype 19F clone corresponding to Portugal 19F -21/ST177 and two large clones comprising nonvaccine serotypes. One, related to Netherlands 3 -31 clone/ ST180, enclosed serotype 3 isolates, the other was unrelated to previously described clones and comprised isolates belonging to serotype 15B/C. The phenomenon of capsular switching was not limited to isolates within PNSSP international clones, where this occurrence has been amply described (22) , but was also noted among PSSP isolates. Both vaccine and nonvaccine serotypes, such as serotypes 14, 9V, 15B/C, 19A, 19F, and 23F, were involved in capsular switching. Capsular switching among nonvaccine serotypes has been reported to be increasingly frequent (25) . For example, the clonal cluster related to Sweden 15A -25, comprised four different serotypes other than 15A. This same clonal cluster comprised isolates with unusual features, such as two PSSP with a PBP2B transpeptidase domain sequence identical to that of the PNSSP of the group. One of these PSSP isolates bore a large nucleotide deletion in the xpt locus that hindered amplification of the xpt gene for the MLST scheme. This finding is very unusual, since MLST is based on the allelic sequences of housekeeping genes, which are considered essential. However, in Bacillus subtilis the xpt gene that encodes a xanthine phosphoribosyltransferase can be disrupted without causing any major phenotype (29) . In pneumococcus, xpt allele 113 has a large internal in-frame deletion. Our finding confirms that large deletions involving xpt can occur that may lead to difficulties in applying the MLST scheme or analyzing the MLST data (8) .
Among PSSP strains, the majority of the clonal groups comprised isolates belonging to the same serotype. In some cases, this correspondence was limited to isolates circulating in our country because the MLST database usually also contains different serotypes. For example, clonal group ST1577, comprising only serotype 15B/C isolates, shares identical or related STs with isolates belonging to serotypes 15A and 6B from other countries. However, we have observed few examples of capsular switching among PSSP isolates of serotype 19A, 19F, and 15B of the clonal groups Netherlands 15B -37/ST199 and Greece 21 -30/ST193. Interestingly, in the MLST database, isolates of the latter clone belong to at least eight different serotypes.
The circulation of clonal clusters of multidrug-resistant pneumococci of nonvaccine serotypes is particularly threatening. Although serotypes 1, 3, and 19A will be included in the new 13-valent conjugate vaccine, serogroup 15 remains untargeted. Drug-resistant isolates of serogroup 15 are on the rise in the United States following the introduction of PCV7 and are a cause for concern (14) .
Recently, in several Italian regions, implementation of the pneumococcal vaccination has been carried out in the pediatric population. Therefore, the spreading of nonvaccine clones is predicted to further increase, and continuous surveillance will be important to follow future changes.
